Electron-hole hybridization in InAs/GaSb double quantum well structures leads to the formation of a mini band gap. We experimentally and theoretically studied the impact of strain on the transport properties of this material system. Thinned samples were mounted to piezo electric elements to exert strain along the [011] and
I. INTRODUCTION II. SAMPLE DETAILS
We have investigated four samples from two different wafers to guarantee the reliability of our data and the validity of our conclusions. Samples 1,2 and 4 were fabricated from wafer #1, whereas sample 3 was fabricated from wafer #2. The heterostructures [see inset of Fig. 1(a) ] are nominally the same for both wafers and were grown on GaAs substrates in direct succession. The heterostructures consist of an 8 nm GaSb layer on top of 15 nm InAs 10 . Beneath, 50 nm AlSb, a 50 nm superlattice of AlSb/GaSb, 500 nm GaSb, a layer of Al x Ga 1−x Sb (x = 0.65) and additional buffer materials are used to ease the lattice mismatch with the GaAs substrate. For the sample preparation, we followed the process detailed in
Ref. 11 and in Appendix A.
In our experiments we use piezo-ceramic stacks to apply external strain to the samples.
To maximize the amount of external strain that is exerted, the samples are thinned from the back in a chemical-mechanical bromine methanol etching process to 50-70 µm. As a precaution, to screen electric stray fields from these piezos, a 100 nm thick layer of Cr/Au was evaporated on the back of each sample. This screening layer is grounded during the experiments. Each piezo stack has a nickel-chromium strain gauge glued to one of its insulated sides. The resistance of the gauge changes in response to length variations of the piezo. Figure 1 (a) shows a simplified schematic.
III. STRAIN MAGNITUDES AND DIRECTIONS
The physics of the InAs/GaSb double QW system is governed by the hybridization of the lowest subband in the InAs QW and the highest subband in the GaSb QW, whose energies are determined by the respective well widths. When the piezo elongates (contracts) the . This will slightly modulate the quantum well widths, their energy levels and the resulting hybridization.
In addition to the external strain that we apply with our piezos, the double quantum well system is subject to intrinsic biaxial strain due to the epitaxial pseudomorphic growth of different semiconductor materials with different bulk lattice constants (AlSb 6.1355Å, GaSb 6.0959Å, InAs 6.0583Å at 300 K). For simplicity we denote both intrinsic and external strain as ε. In Appendix B, we have estimated the intrinsic strain for the ideal situation of a complete relaxation of all materials to the GaSb lattice constant. In this case, only the InAs quantum well is strained (ε InAs ∼ 54 × 10 −4 ), whereas the GaSb quantum well is unstrained (ε GaSb = 0). The tunable external strain, which we estimate to be in the range
at low temperatures, is added to the intrinsic strain and will modify or even enhance the lattice distortion due to the lattice mismatch at the InAs/GaSb interface 15 . Please note that the piezo adds strain in a non-trivial way, e.g., when the piezo elongates in one direction, it will shrink in its perpendicular direction just like the sample which is glued to its surface. That means that the piezo strain is not uniaxial. These effects have been carefully included into our band structure calculations.
We will demonstrate below that despite the smallness of the external strain, the piezo elements can dramatically alter the resistivity at the charge neutrality point and other transport properties.
IV. MEASUREMENTS
The samples were cooled down with a 10 MΩ resistor between the piezo connectors to avoid thermal voltage build-up and a possible damage of the piezo stacks. At room temperature and prior to the measurements, the piezo voltages were swept several times to test their performance by monitoring the strain gauge. While piezo mechanical stacks show hysteresis and non-linear behavior at room temperature, at low temperatures these effects vanish and linear bipolar operation over large voltage ranges is possible 16 . The resistance maximum around V gate ∼ -2.5 V is interpreted as the charge neutrality point, where the Fermi energy is expected to reside in the hybridization gap. However, we do not find the sample to become insulating. For V gate < −4 V, the onset of the integer quantum Hall effect of holes is seen, which is less pronounced than for electrons due to their larger effective mass.
We find two distinct effects that result from changes in the in-plane strain: (1) i.e., the variations of the resistance near the charge neutrality point and the aforementioned shift, appear consistently within the range of magnetic fields between 0 T and 12 T and in all samples, however, at magnet fields exceeding 9 T, strong "noise" is overlaid to resistance at the charge neutrality point. Further examples are shown in Appendix C. Both effects results from the band distortion upon strain which we will address in the next section.
To ensure that these effects are really the result of strain and not an artefact arising from stray electric fields from the piezo for example, a fifth sample was prepared, which rested on the piezo stack but was only glued to it at one of its edges. In this test sample, which was not influenced by strain, we did not observe any effect on the transport properties of the sample when the piezo was driven with large positive or negative voltages. This demonstrates that the observations described above are purely strain-related.
The significance of the resistivity minima shift in gate voltage is illustrated in Fig. 2 (d) .
Generally, sweeping the gate voltage results in a linear response of the carrier density. The piezo-strain induces variations of the (intrinsic) carrier density in the sample, which in turn results in a shift of the density-voltage curve, i.e., under strain different gate voltages are needed to access the same filling factors. For electrons, the density increases upon sample elongation and decreases upon its compression, while for the holes, we observe the opposite behavior. From these shifts and from additional measurements of the Hall resistance we have extracted the change in carrier density arising from strain. of the zincblende unit cell is not a high symmetry axis, which makes it more susceptible to symmetry breaking strain; a behavior we observe in the experiments. This susceptibility to strain is reflected in the larger number of terms in the tight-binding model that we use to numerically calculate the band structures below.
Figure 3 (b) shows the change in "peak" resistance around the charge neutrality point between maximal tensile and maximal compressive strain, normalized to its resistance when no external strain was applied. Although the density does not depend on the magnetic field, we found that the top gate voltage corresponding to the peak resistance slightly shifts with B, which results in a very different magnetic field dependence with respect to Fig. 3 (a) .
We have no consistent picture to explain this behavior. However, since Coulomb energies scale with magnetic field, it is feasible that charges in this low carrier density regime will be very susceptible to changes in B.
To understand and interpret these results, we have performed numerical band structure simulations for a strained InAs/GaSb system. At large B, strong fluctuations in the resistance appear (see Appendix C).
V. BAND STRUCTURE SIMULATIONS AND ANALYSIS
Numerical simulations of strained and unstrained quantum wells were performed using The energy cut-off was 380 eV for both InAs and GaSb. We used a 6×6×6 Γ-centered k-mesh and Gaussian smearing of width 50 meV for Brillouin zone integrations. To simulate the interface between the two quantum well materials, we interpolated 27 the hopping parameters.
This procedure provides reasonable agreement with experiment for InAs/GaSb quantum wells 27 .
The underlying strain model maps the crystal structure of an idealized InAs/GaSb system, in which the two quantum wells were grown pseudomorphically, with InAs having adopted the lattice constant of GaSb. Comparison of the experimental data with theory will later show that in our samples also the GaSb quantum well is subject to a small amount of growth-related strain. Additive external strain is incorporated into our model by calculating the response of the primitive lattice vectors to (uniaxial) strain in the [001] and [011] directions and by defining the strain tensor with the elastic stiffness constants for InAs and GaSb. Symmetrized TB models were then constructed for the strained bulk materials first, following the procedure described above. After interpolation to simulate the interface, the resultant TB models are used to obtain the band structure and DOS for various values of strain for the InAs/GaSb quantum wells. Even without any detailed analysis, the strong band distortion for only 0.5% strain implies a dramatic impact on the transport properties of this material system. Figure. hole densities change when strain is applied (at a fixed energy). While we calculated the band structures for strain ranging from -1% to +1%, the strain we can exert with our piezo electric elements, ∆ε, is comparatively small, as indicated by the magenta-colored vertical bars.
Our band structure calculations and the subsequent analysis exhibit the same trends as the experimental data, which demonstrates the overall reliability of our idealized model. In particular, the stronger response shown for the [011] crystal direction is reproduced. For example, Fig. 5 (c) shows the electron regime at 0.52 eV, where we find that strain along
[011] yield a stronger increase in the electron density, or a much larger shift in the SdH minima, respectively. This is indeed what we observe experimentally. The picture is ambiguous for the holes since it is much more dependent on the energy at which we scrutinize the system. Experimentally, we are only able to observe the onset of hole transport near the CNP, where electrons may still co-exist. We estimate the intrinsic strain ε due to the pseudomorphic growth of materials with different lattice constants following Ref. 32 , where:
while ignoring the elastic compliance constants. Here a 1 is the lattice constant of the material 1 to be grown on to the material 2 with the lattice constant a 2 . The constants We assume that InAs grows pseudomorphically on the first two buffer layers (50 nm AlSb and 50 nm total thickness of a AlSb/GaSb superlattice), which are thin and have adapted to the lattice constant of the GaSb underneath, i.e., also InAs is intrinsically strained. For 15 nm InAs on a 100 nm thick layer with a lattice constant of 6.0959Å this results in a strain of approximately ε ∼ 54 × 10 −4 (lattice constant mismatch 0.62%). If also the InAs layer has adopted the lattice constant of GaSb, then the 8 nm GaSb quantum well will grow unstrained (no strain).
The estimate for the external strain exerted via the piezo elements is based on the manufacturers specifications of strain/volt efficiency, the maximal stroke (change in length)
at room temperature. At room temperature, the maximal strain from the piezo is ca.
−3.1 × 10 −4 < ε < +15.5 × 10 −4 (based on the specifications by the manufacturer). At low temperatures, the strain/volt efficiency drops to a value not specified by the manufacturer. At the same time, however, the piezo allows bipolar operations over much larger voltages to compensate for the reduction in strain/volt efficiency. Since we measure the strain gauge resistance at room temperature and low temperature, we can compare both measurements to find the absolute reduction in strain/volt efficiency, while taking into account the gauge's gauge factor and thermal output, i.e., the correction due to thermal changes 33 . We estimate the strain range exerted by the piezos at 20 mK to be of the order of This "noise" is responsible for the large error bars in Fig. 3 (b) .
To extract the density changes from the density of states (DOS), we start by determining the onsets of electron and hole conduction, located at the parabolic minimum of the electronlike band (denoted as E 2 ) and the parabolic maximum of the hole-like band (denoted as E 1 ).
Next, we determine the effective mass of the electrons directly from the constant part of the density of states. Integration of the DOS yields the total density of electrons and holes.
With the previously determined onsets E 1 and E 2 we can separate the total density into the respective electron and hole densities and thus determine the charge neutrality point (CNP). The latter determines the zero density point and the offset for the DOS integration.
By doing these calculations for the DOS at all strain values, we determine how the charge carrier density changes due to strain. 
